The 2-oxoglutarate dehydrogenase complex consists of three different subenzymes, the Elo (2-oxoglutarate dehydrogenase) component, the E2o (dihydrolipoyl transsuccinylase) component, and the E3 (dihydrolipoamide dehydrogenase) component. In Bacillus subtilis, the Elo and E2o subenzymes are encoded by odhA and odhB, respectively. A plasmid with a 6.8-kilobase-pair DNA fragment containing odhA and odhB was isolated. Functional Elo and E2o are expressed from this plasmid in Escherichia coli. Antisera generated against B. subtilis Elo and E2o expressed in E. coli reacted with antigens of the same size from B. subtilis. The nucleotide sequence of odhB and the terminal part of odhA was determined. The deduced primary sequence of B. subtilis E2o shows striking similarity to the corresponding E. coli protein, which made it possible to identify the lipoyl-binding lysine residue as well as catalytic histidine and aspartic acid residues. An mRNA of 4.5 kilobases hybridizing to both odhA and odhB probes was detected, indicating that odhA and odhB form an operon.
The 2-oxoglutarate dehydrogenase multienzyme complex (ODHC) catalyzes the oxidative decarboxylation of 2-oxoglutarate to succinyl coenzyme A, a reaction which is part of the citric acid cycle. In eucaryotes and eubacteria, this enzyme complex is composed of three different enzymes, present in nonequivalent stoichiometry. In Escherichia coli, each ODHC contains 12 Elo (2-oxoglutarate dehydrogenase; EC 1.2.4.2), 24 E2o (dihydrolipoamide transsuccinylase; EC 2.3.1.61) and 12 E3 (dihydrolipoamide dehydrogenase; EC 1.8.1.4) subenzymes (32) . Elo and E2o are unique for ODHC, whereas E3 is shared between ODHC and the analogous pyruvate dehydrogenase and the branched-chain 2-oxo-acid dehydrogenase complexes.
E. coli E2o polypeptides form a cubic core with octahedral symmetry to which the Elo and E3 components are bound (9) . The substrate is transferred between the different active sites by a lipoyl moiety, bound to a lysine residue in the E2o polypeptide.
In E. coli, the genes encoding Elo and E2o are situated adjacent to each other as part of an operon which also contains the genes encoding the ot and i subunits of succinyl coenzyme A synthetase. The gene encoding E3, however, is part of another operon also encoding the pyruvate dehydrogenase (Elp) and the dihydrolipoamide transacetylase (E2p) subenzymes of the pyruvate dehydrogenase multienzyme complex (35) . The organization of the corresponding genes in the gram-positive, endospore-forming bacterium Bacilluis subtilis appears similar (6, 7, 13, 19 ), but has not been analyzed in detail. In B. subtilis, Elo and E2o are encoded by the odhA (formerly citK) and odhB (formerly citM) genes, respectively (the genes have been renamed to let the designations more directly refer to the gene products). The aim of this work was to analyze the primary structure of B. suibtilis E2o and to determine the genetic organization of odhA and odhB.
The nucleotide sequence of the previously cloned odhB (7) jig/ml; chloramphenicol, 5 jig/ml (B. subtilis) or 12.5 .g/ml (E. coli). Minimal glucose medium was prepared as described by Spizizen (36) with the addition of MnCl2 to a final concentration of 10 jiM.
In vitro DNA and RNA techniques. Agarose gel electrophoresis was performed by the method of Maniatis et al. (25) . B. subtilis chromosomal DNA was prepared by using the plasmid preparation procedure of Canosi et al. (4) . Plasmid DNA was prepared as described by Ish-Horowicz and Burke (21) . Restriction endonucleases and T4 DNA ligase were purchased from Boehringer Mannheim (Mannheim, Federal Republic of Germany) and used as recommended by the manufacturer. Preparation of RNA and Northern (RNA) blot analysis were performed as described by Melin et al. (26) .
Transformation. E. coli cells were made competent by the CaCl2 method of Mandel and Higa (24) . B. subtilis was grown to competence as described by Arwert and Venema (1).
DNA sequence analysis. Nucleotide sequence determination was performed using the dideoxy chain termination method of Sanger et al. (33) . DNA fragments were cloned into M13mpl8 and mpl9 (29) and sequenced using Sequenase (U.S. Biochemical Corp., Cleveland, Ohio), [ot-35S] dATP, universal M13 primers, and odhB-specific oligonucleotide primers (see Fig. 2 ). Computer analysis of the 3668 CARLSSON AND HEDERSTEDT (22) , which were lysed in 50 mM potassium phosphate buffer (pH 7.4). Cell membranes were removed by centrifugation at 35 ,000 x g, at 4°C, for 30 min.
Generation of antisera. To generate an Elo-specific antiserum, a cytoplasmic extract of E. coli JRG72(pLUC5) was fractionated at 4°C on a Sephacryl S-300 (Pharmacia, Uppsala, Sweden) gel filtration column equilibrated and eluted with 50 mM NaCI-30 mM Tris hydrochloride (pH 8.0). Fractions containing Elo were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and pooled. The pooled fractions were dialyzed against water, lyophilized, suspended in phosphate-buffered saline, and used for immunization.
E2o-specific antiserum was obtained as follows. An E. coli JRG72(pLUC3) cytoplasmic extract was subjected to preparative SDS-PAGE. The E2o polypeptide was localized in the gel and isolated according to a procedure described in detail previously (17) .
Immunization of rabbits with the partially purified Elo (0.6 mg per immunization) and with isolated E2o (2.5 p,g per immunization) was done as described previously (17) . The immunoglobulins were purified and stored as described by Harboe and Ingild (16) except that the DEAE-Sephadex step was omitted.
SDS-PAGE and immunoblotting. SDS-PAGE was performed as described by Neville (27) . The proteins, separated in a 10% (wt/vol) acrylamide-0.27% (wt/vol) bisacrylamide gel, were transferred to nitrocellulose filters (BA85; Schleicher & Schull, Dassel, Federal Republic of Germany) by the method of Towbin et al. (38) . The filters were blocked, probed with primary and secondary antibodies, and developed as described by Blake et al. (2) . The partially purified immunoglobulin fraction of rabbit antisera was used as primary antibody. The secondary antibody, affinity-purified alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (Sigma Chemical Co., St. Louis, Mo.), was used at a 1:1,000 dilution.
RESULTS AND DISCUSSION
Cloning of odhA. The previously described plasmid pLUC3 is a derivative of pHV32 that contains odhB and the terminal part of odhA on a 3.4-kilobase-pair (kbp) BamHI fragment (7) . It cannot replicate in B. subtilis, and in order to express the vector-coded chloramphenicol resistance, the plasmid has to integrate in the B. slibtilis chromosome by homologous recombination (Campbell-like mechanism). To clone the complete odhA, B. subtilis 3G18 was transformed to chloramphenicol resistance with pLUC3. Chromosomal DNA from one such transformant was isolated and digested with Sall, which cuts only once in the vector part. Transformation of E. coli 5K to ampicillin resistance with the digested and then ligated chromosomal DNA was predicted to result in clones containing both odhA and odhB. Plasmid pLUC5 was isolated from one ampicillin-resistant E. coli transformant (Fig. 1) .
The positions of the SalI and BamHI restriction sites in the 6.8-kbp cloned fragment in pLUC5 are in good accordance with the restriction map of this part of the chromosome established by Weiss and Wake (39) . Subcloning of the 5.7-kbp SalI-KpnI DNA fragment (Fig. 2 ) of pLUC5 into pUC18 resulted in pLUC51, which lacks odhB.
Expression of odhA in E. coli. B. subtilis E2o expressed in an E2o-deficient E. coli mutant can complement the Odhphenotype of the mutant (7) . Expression of functional odhA gene product (Elo) from pLUC5 and pLUC51 was similarly determined. An E. coli Elo-deficient mutant, JRG72, was transformed with the two plasmids selecting for the wildtype ODHC phenotype (ability to grow on minimal glucose plates) as described previously (7). The wild-type phenotype was restored in both E. co/i JRG72(pLUC5) and E. coli JRG72(pLUC51), which shows that functional B. subtilis Elo can be expressed from both plasmids.
A 60-and a 110-kilodalton (kDa) polypeptide were the most abundant proteins in cytoplasmic extracts of E. coli 5K(pLUC5). These (Fig. 5) . Note that the 0.2-kbp Hindlll fragment in odlhB is misplaced in the maps in reference 7.
5K(pHV32) (Fig. 3) . E. coli JM83(pLUC51) extracts contained only the 110-kDa polypeptide. E. (oli Elo has a molecular mass of 105 kDa (8) . The 60-kDa polypeptide has previously been identified as B. slibtilis E2o (7). Thus, the 110-kDa polypeptide was concluded to be B. siibtilis Elo. This conclusion was confirmed by immunoblotting analyses. Antisera against the 60-and 110-kDa polypeptides expressed in E. coli reacted with B. slibtilis wild-type cytoplasmic antigens of the same size (Fig. 4) . These antigens were not present in B. siibtilis CU1693, which has a deletion spanning odhA and odhB (20) . The results show that pLUC5 and pLUC51 contain the complete odliA and that they encode functional Elo in E. /oli.
Nucleotide sequence of odhB. The nucleotide sequence of the odhB region, including part of odhA, was determined using subcloned DNA fragments from pLUC3. The sequencing strategy is shown in Fig. 2 Genetic mapping experiments (6, 7, 13, 19) and complementation studies (e.g., with pLUC51) demonstrate that od1/A is located adjacent to and upstream of odhB. The open reading frame of odhA was identified by comparing the deduced C-terminal amino acid sequence with that of E. coli Elo (8) . Only 15 bp separates the odhA translational stop codon from the odhB translational start codon (Fig. 5) .
Transcription analysis of odhA and odhB. To determine whether the odhA and odhB genes are members of one operon as are their counterparts in E. 0oli, RNA-DNA hybridization experiments (Northern blots) were performed (Fig. 6) . Internal odhA and odhB DNA fragments were used as DNA probes (Fig. 2) . Both probes hybridized to an mRNA species of approximately 4.5 kilobases (kb) (Fig. 6) , suggesting that odhA and odhB are transcribed from the 1 same promoter, producing a dicistronic mRNA. The size of the transcript indicates that no additional genes are included in this odhAB operon. This is in agreement with the presence of a potential [rho]-independent transcriptional termination signal located just after odhB (Fig. 5) .
The odhAB promoter has been identified (L. Melin, L.
Hederstedt, A. von Gabain, and P. Carlsson, manuscript in preparation) and located to the HindIII-BamHI fragment containing the 5' end of odhA (Fig. 2) . E2o was previously found to be expressed in the absence of that promoter; e.g., E2o can be expressed in B. subtilis and E. coli from plasmids containing the 3.4-kbp BamHI fragment (7) . An odhB transcript originating from within odhA was not detected in the Northern blot experiments, but the nucleotide sequence just upstream of odhB contains a possible CrA promoter (11) (Fig.   5 ). Structure of B. subtilis E2o. The E2o polypeptide, as deduced from the nucleotide sequence of odhB, consists of 417 amino acid residues including the N-terminal methionine, is acidic with a net charge of -13, and has a calculated molecular weight of 45,988. A consensus sequence for the attachment site of lipoate in various lipoylated proteins has been found (3), and one such sequence is found in the N-terminal part of B. subtilis E2o. This suggests that the E2o B. subenzyme contains one lipoyl residue covalently bound to the lysine at position 42 (Fig. 7A) .
E2o in assembled ODHC functionally binds Elo and E3 as well as other E2o polypeptides. From studies of dihydrolipoamide acyltransferases from E. coli and other organisms, different functions of E2o can be attributed to protein domains identifiable in the primary structure (31) . These proteins have an N-terminal lipoyl domain consisting of about 100 residues, followed by an E3-binding domain flanked by flexible segments and a C-terminal Elo-and E2o-binding domain which also contains active site residues (Fig. 7) . B. suibtilis Elo and E2o can form a functional ODHC together with E. (oli E2o-E3 and Elo-E3, respectively, as shown by complementation analyses of mutants (6, 7; this work). This means that B. siibtilis Elo can be bound to E. coli E2o and probably vice versa. However, from these complementation data we cannot determine whether E3 can be bound to heterologous E2o or not. The interfunctionality of E. coli and B. sifbtilis E2o is also supported by the primary sequence comparisons. The respective lipoyl and C-terminal domains show a high degree of similarity (65 and 74%, including conserved exchanges), whereas the E3-binding domains with flanking putative flexible regions are less similar (47%). A difference between these flexible segments in E. coli and B. siubtilis E2o is that the first segment is shorter in B. stibtilis E2o. Furthermore, the second segment, which in E. c oli E2o contains mainly proline and alanine, in B. slibtilis E2o has glutamine as the predominant amino acid. The considerable difference between the molecular mass of 60 kDa estimated from SDS-PAGE (7) and the molecular mass of 46 kDa deduced from the nucleotide sequence may be explained by the structure of the flexible segments (34) .
B. si(btilis and E. coli E2o polypeptides are very similar at the C terminus (Fig. 7B) , which most likely contains active site residues as discussed by Guest (14) . This siibtilis E2o. Since B. siubtilis and E. coli E2o are functionally exchangeable, these differences may not reflect sorting of E2 polypeptides to different multienzyme complexes.
